nvironmental concerns and new energy policies are causing energy systems to shift toward decentralization and sustainability. electricity generation has been historically based on large-scale fossil and nuclear sources, even though in the last decade, the share of renewables has grown significantly. microgrids (mgs) come as a suitable solution for the installation of distributed sources in the low-voltage (lv) grid, where most consumers are sparsely located. mgs ease the integration of distributed generators (dgs) with energy storage systems (esss) at a consumption level, especially renewable energy sources (ress), such as solar panels and small wind turbines (wts). By decentralizing electricity generation, it can now be produced in closer proximity to the consumer, thereby avoiding transmission and distribution losses and increasing the efficiency of the electricity grid, as well as higher power reliability.
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in line with the developments previously mentioned, direct-current (dc) distribution systems are making their way back to electrical grids. worldwide, today's electrical systems predominantly use alternating current (ac); however, the technical/technological problems that, over a century ago, made dc harder to transmit than ac have been solved. Both ends of the electrical spectrum, high voltage (Hv) and lv, have seen the proliferation of dc systems and its implementation for transmission and distribution of electricity. For both ends, dc offers significant improvement regarding simplicity, efficiency, and cost reduction. dc systems are now viable options as a result of developments that have taken place in the power electronics industry, which have allowed converters to operate at dc voltage levels required for transmission, distribution, and consumption.
starting from the top end, there are over 100 Hv dc (Hvdc) systems already installed around the world, especially for long-distance and submarine connections. Hvdc transmission systems allow higher efficiency, potentially lower costs, and enhanced environmental solutions. Hvdc transmission lines are generally thinner than Hvac lines for the same power capacity; also, Hvdc allows long-distance transmission with underground lines, thereby considerably reducing the environmental impact. moving to the bottom end, dc provides a promising solution for modern power systems to improve efficiency, power quality, resiliency, and reliability. despite having no presence in grid applications, these benefits have been previously observed in several stand-alone applications, such as vehicular power systems, telecommunications stations, data centers, and aerospace, marine, and other electrical power systems in which reliability, efficiency, and cost are critical.
Potential Benefits of LVdc Distribution Systems for Building Applications
the high penetration of installations with dgs at consumption level, especially solar photovoltaic (pv) panels, esss, and modern electronic loads, gives dc distribution a competitive advantage when compared with ac for residential/building applications. most renewable energy generators, such as pv panels and fuel cells (Fcs), are dc generators; however, even wts, intrinsically ac generators, are more conveniently integrated into a dc grid since double conversions are avoided. esss as batteries are dc devices as well. Furthermore, modern electronics loads [e.g., tvs, light-emitting diode (led) lights, phones, computers] are all internally dc loads, and the energy consumed by these devices is increasing every day. moreover, as has happened with wts, even appliances that are intrinsically ac loads (e.g., refrigerators, washing machines, dishwashers) interface better with a dc supply, because of the elimination of ac-dc conversion. in addition, the expected future integration of electric vehicles (evs) is going to inevitably increase the presence of dc devices in buildings' electrical systems because, basically, evs have batteries that can be charged or discharged. therefore, a dc distribution system is a more natural interface between mostly dc devices, which allows considerable power-conversion stage reduction, hence achieving a significant loss reduction, as well as simplicity and potential cost reduction in the power converter units.
on top of this, there are a few common benefits of dc when compared with ac for all applications. For example, in dc there is no reactive power loading the lines, and there is no need for synchronization. as a consequence, the system naturally becomes more efficient and simpler. it is important to highlight that dc efficiency or energy-saving improvement is strongly related to the presence of local ress and esss. when examining the lvdc distribution system in Figure 1 , if there is low or nonlocal generation and no storage, most of the energy consumed by the load would inevitably come from the grid rectifier. the grid rectifier would be sized to supply the approximate building-installed power; however, the loads are normally connected at different times. Hence, it is expected that the rectifier works mostly at low loads where its efficiency is very poor, thereby increasing system losses considerably.
Challenges and Safety Concerns
as mentioned, lvdc distribution systems for residential/building applications have brought high expectations regarding simplicity, cost reduction, reliability improvement, and energy savings. the lack of commercially available products, standards, codes, and regulations for dc systems is a critical challenge holding back a wider implementation of lvdc distribution systems. such a lack of commercially available products is an issue for companies implementing dc systems and system users. when designing lvdc electrical power systems, it would not be easy to find products (e.g., power converters, protection devices, connectors, chargers) that comply with the system's requirements, especially regarding the voltage level. also, consumers would find it extremely difficult to find dc-compatible appliances and devices.
as for standards, several organizations such as emerge alliance, the european telecommunications standard institute (etsi), the international electrotechnical commission (iec), the ieee, and others, are working to develop the required regulation for the implementation of dc systems for building/residential applications. according to the iec 60038 standard, lvdc systems are defined as those with voltage levels below 1,500 v. this range gathers several applications, from computer electronics to automotive, marine, and aerospace power systems. Figure 2 shows an overview of the voltages and standards used in the different applications.
protection devices, fuses, and circuit breakers (cBs) can sometimes be used directly in dc systems, but these devices are currently designed for ac systems. the current-interruption mechanisms rely mainly on the natural zero crossing of the ac current, with development of arc voltage being a secondary effect for cB clearing., in dc systems, because the fault current does not naturally go to zero, cBs must be connected in series to ensure sufficient arc voltage for clearing; otherwise a redesign of these elements is required for a reliable protection system. recently, electromechanical cBs specifically applicable for dc systems with voltages up to 1,500 v have become commercially available. However, there are other issues that still must be addressed, such as cB coordination and the fact that upstream power converters either limit their output current faster than the cBs respond, or let through fault current to their ac feeds, thus causing wider system-voltage outages during fault scenarios.
Architectures it has been shown that lvdc distribution systems are applied in a large variety of applications, consequently, different solutions and architectures have been proposed. regardless of the power rating or voltage of the system, the system structure can be generally classified in three main categories, as follows.
Single bus is the simplest topology, as only two wires are used to supply the voltages at the point of load. also, the power-electronic converters themselves can be relied upon for fault protection. the automotive and telecommunication industries have widely used this configuration at 12 v and 48 v, respectively. proposed single-bus distribution systems often differ, depending on whether the bus voltage is tightly regulated by a power-control unit, as shown in Figure 3 , or a whether a battery pack is directly connected to the dc bus. For the latter option, the bus voltage depends on the state of charge (soc) and the current of the battery; as a consequence, this configuration is used in a reduced number of applications because the battery soc needs to be coordinated by all the power-converter units connected to the bus. a modified single-bus topology, in which the distribution is made by a three-wire (i.e., positive pole, neutral, negative pole) bipolar configuration, brings significant advantages for lvdc distribution in building/residential applications. this topology allows a reduction in the distribution voltage with respect to the ground, thereby improving safety and offering three different voltages levels (+vdc, -vdc, and 2 vdc). thus, the loads with different power ratings can be connected to the voltage that better suits them. this topology is depicted in Figures 4 and 5.
x x Multibus configurations are used when redundant distribution buses are needed to enhance the reliability and availability of the system, as well as for interconnection of several mg clusters. the interconnection of mg clusters is an applicable concept for lvdc distribution between buildings, where the power exchanges between the different systems can be controlled by controlling the local voltage set points. a reconfigurable topology is used when the system requires higher reliability and flexibility during faults and maintenance periods. it usually consists of a mesh or ring distribution system, in which intelligent electronic devices (ieds) are able to connect and disconnect sections of the mesh or ring. all of the elements connected to the ring are bidirectional. when a fault is detected, the ieds disconnect the faulty area, allowing normal operation in the unaffected areas. Furthermore, a modified scheme is the zonal configuration in which each element is connected to different buses in a redundant system. the element can be fed by either one of the distribution buses, and when one bus gets compromised, the elements can switch to the remaining healthy bus. Voltage Levels for LVdc Distribution Systems for Building Applications the voltage-level selection for lvdc distribution systems is not a straightforward choice, and the discussion on appropriate voltage levels has been going back and forth for some time. the lack of standardization is palpable when observing the variety of voltage levels used for lvdc distribution systems in different applications, as shown in Figure 2 . the distribution voltages adopted for different solutions basically depend on what features comprise the main design criteria. For instance, in the automotive industry, 12-v distribution systems are used in cars to guarantee their safety. nevertheless, the increase in the number of electronic devices in modern cars leads to higher electrical consumption. For this reason, 24-48-v levels have been considered as an option to improve the efficiency and avoid excessive oversizing in the conductors, because both weight and energy consumption are critical in vehicles. in applications with higher consumption, such as data centers that normally use 380-400 v, the increase of the voltage level is unavoidable because distribution losses need to be minimized. it is at these and greater voltage levels that more effective protections system need to be developed. when analyzing lvdc distribution systems for building/residential applications, there are some voltage levels that come as natural choices, depending on the regulation imposed by the standards, the availability of commercial solutions, or to ensure compatibility with the ac grid. a summary is shown in table 1. the selected voltage for distribution is inevitably related to the power rating of the different elements in the power system if the same wire gauge is intended to be kept. in consequence, after an analysis of the location and power rating of the elements (i.e., dgs, esss, and loads) it becomes apparent that the elements with similar power ratings are mostly located together. therefore, different voltages are more optimal for different groups while optimizing efficiency for each scenario, safety, and compatibility with other systems. the suitable voltage ranges would be as follows. 1) low-power loads (24-48 v, <0.4 kw) mostly comprise electronic equipment and devices (e.g., wi-Fi routers, phone chargers, computers, tvs, dvd players, Hi-Fi systems and led lights), which account for most devices in bedrooms, living rooms, and outdoor areas. the distribution in most of the spaces in a home, therefore, could be performed efficiently while maximizing safety. 2) medium power elements (230-400 v, 0.4-10 kw) usually account for the appliances in kitchens (e.g., stove, oven, dishwasher) and laundry rooms (e.g., washing machine, dryer, iron). For a given power consumption, supplying the loads at 230 v would keep the same current loading in the wires as in a singlephase 230-vac system. if high efficiency in the distribution and/or wire-gauge reduction is required, the voltage can be increased up to 400 v. Beyond this level, the efficiency improvement should be negligible, and the protection system would be highly demanding.
3) High-power elements (≥538 v, ≥10 kw) are expected to be a part of the common-facilities elements for a building, including dgs (e.g., pv panels, wts, Fcs, µcHp), esss, and the building's air-conditioning system, elevators, and ev charging posts.
Integration of Future LVdc Distribution Systems
the following discussion analyzes the selection of the voltage and topology of the distribution system in building applications. the standards, guidelines, and codes necessary to widely implement lvdc systems to supply the electricity to homes and buildings
have not yet been developed, even though several organizations, such as the iec or emerge alliance, are actively working in this area. in the near future, a reasonable first step to apply dc power to buildings, as depicted in Figure 1 , is to use an lvdc system to interconnect the local ress, esss, and loads common in buildings, such as lighting systems and elevators, whereas the ac distribution system is used to connect the building to the grid and supply the apartments. the purpose of this configuration is that not a single change is required in the apartments, and therefore there is no need for the consumers to change electrical equipment in their homes. if we take a look forward, once the regulations and standards for dc system are developed and mature, hybrid ac/dc distribution systems for buildings, as the one proposed in Figure 3 , will likely be widely accepted and implemented, and most important, there will be dc-compatible devices broadly available in the market, such as appliances and electronics that can be used with either an ac or a dc system. in the literature, most of the proposed architectures for dc distribution in buildings use a unipolar bus running at 380-400 v. as mentioned previously, this is the solution adopted by the data-center industry, even though it might not be the most optimized solution for buildings and homes. it is an easier step to take, rather than developing a new solution for the distribution system. this solution is simple, convenient, and more efficient than the traditional ac system. it is convenient because it has been tested in different applications, therefore most of the solutions already developed in that field can be used for this particular systems as well. it is more efficient because first, the voltage level is higher, hence the losses in the conductors are lower, and second, using a dc system to distribute the energy between mostly dc-based devices (e.g., pv panels, batteries, lights, motor drives) allows a reduction in the number of conversion stages.
it seems that unipolar 400-v distribution systems are widely accepted as a suitable solution for dc distribution for building applications. However, aside from the convenience of adapting an already tested solution, the following question must be asked: is the 400-v system the best option for distribution in buildings? For instance, regarding the topology of the system, we discussed earlier the benefits and disadvantages of uni polar, bipolar, and multibus architectures. Bipolar configurations offer significant advantages, especially for this kind of application, which has different elements (e.g., generators, loads, storage systems) with a wide range of power ratings. therefore, the availability of different voltage levels to supply the elements in the systems enables a better compromise between distribution efficiency and safety. as a consequence, a bipo l artype lvdc distribution system seems a better solution. then the discussion moves to which voltage levels should be used for the distribution. we have discussed that dc voltage levels within 230-400 v are a good compromise between, efficiency, safety, and compatibility with existing ac systems. Furthermore, once established that a bipolar configuration is a more convenient solution for distribution in building/residential applications, it seems advantageous to apply the same topology for the distribution grid between the buildings themselves. in Figures 4 and 5 , a two-level bipolar distribution grid is shown. the iec 60038 standard sets the upper limit for lvdc systems at 1500 v, therefore, to maximize the efficiency in the distribution, a bipolar !750 v is proposed, from which it is possible to extract a second-level !375 v bipolar line, which fits the suitable voltage levels for both high and medium power-rating elements in buildings. it should be also noted that the use of a twolevel bipolar distribution system restricts the voltage level to be used in the system, therefore doubling up twice the voltage level 380-400 v would exceed the lv limit set by the standards. the grounding and protection scheme for the proposed two-level bipolar lvdc distribution system is not trivial, and some modifications are needed to comply with the safety requirements. the neutral conductor of the !375-v distribution DC provides a promising solution for modern power systems to improve efficiency, power quality, resiliency, and reliability.
lines is put to ground. in addition, it is required that the voltage balancer provide galvanic isolation, because the neutral conductor in a different area may have a different voltage level.
Conclusions
From where we stand today, it appears that a much wider scale adoption of lvdc grids as enablers for lower cost and more efficient integration of ress and esss at the building and residential level is just on the horizon. the challenges lie mainly with effective and safe distribution protection and industry-accepted standards. However, the opportunities for further resilience at the customer end, because of increased decentralization of energy sources and significant increases in efficient energy usage, are compelling and will continue to motivate growth in this area.
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